The early stages of interface formation between CaF2 and Si(111)have been studied, in situ, by a combination of reflection high-energy electron diffraction, x-ray diffraction, and core-level photoemission.
I. INTRODUCTION
CaF2/Si is a prototypical ionic/covalent system with a lattice mismatch of only 0.6% at room temperature. As a result, CaFz/Si(111) has been studied both theoretically and experimentally and is a prime candidate for technological application in semiconductor on insulator devices. ' The early stages of interface formation have been studied with x-ray photoelectron spectroscopy (XPS), ' medium-energy ion scattering (MEIS), scanning tunneling microscopy (STM), and x-ray standing-wave (XSW) measurements.
It has been concluded that CaFz dissociates to give CaF at the interface and various ordered CaF-Si structures have been observed at submonolayer coverages. From a MEIS study of monolayer coverages, Tromp and Reuter proposed a T4 bonding site for the Ca atom in the CaF layer. In contrast, Zegenhagen and Patel observed a mixture of three distinct bonding sites in submonolayer coverages, depending on the substrate temperature.
At higher temperatures, an equal occupation of T4 and H3 sites gave the best agreement with their XSW measurements. In early papers the growth mechanism of CaF2 on the CaF layer was often assumed to be layer by layer. Recently a composite growth mode has been observed in a combined core-level photoemission/transmissionelectron-microscopy (TEM) study and was also inferred from x-ray photoelectron diffraction results. This is best described as a Stranski-Krastanow pathway to layer-bylayer growth, beginning with CaFz coherent island formation on the Si-CaF layer and then layer by layer CaF2 In this paper we present a comprehensive study of CaFz/Si(111) heteroepitaxy, from the early stages of interface formation to the structure and stability of thicker epitaxial films. The results reveal the temperature dependence of the submonolayer structures that are formed and their inhuence on the growth modes and subsequent interface structures. Our results explain many of the discrepancies between previous experimental studies and provide a basis for theoretical structural calculations. We also reexamine the interface transition and suggest a mechanism based on defect diffusion in the ionic overlayer.
The paper is structured as follows. In Sec. II we give the details of sample preparation and the different experimental techniques. In Sec. III we present results of in situ refiection high-energy electron-diffraction (RHEED), x-ray-diffraction, and XPS measurements aimed at understanding the ordering in the submonolayer regime. These results are combined with ex situ TEM measurements to demonstrate the different growth mechanisms which lead to pseudomorphic, epitaxial CaF2 films. In Sec. IV x-ray diffraction is used to probe the interface structures that result from the different initial growth temperatures. We also present a combined x-ray diffraction/TEN study of the CaF2/Si interface structure formed at high substrate temperatures.
Interpretation of the x-ray-diffraction measurements reveals that the interface Ca atom is located at a single T4 site. (7, 0) and (b) ( -', 0) superlattice Bragg rejections which are due to the Si-(7X7) and CaF-Si-(3X1) reconstructions, respectively. In (a) one set of data was taken from the clean Si surface and the other was taken after CaFz deposition and at a substrate temperature the data were taken at T= 525 C, at the onset of the (7X7)~(3X1)transition, and at T=620 C, where the transition is complete. In both (a) and (b) Figure 3 shows the Ca 2p XPS spectra for a submonolayer coverage of CaF2 at three different sample temperatures. In Fig. 3 Fig. 3(b) were taken after the sample had been annealed to -450 C [RHEED showed a faint (7X7) pattern]. Finally, the data in Fig. 3 (c) were taken after an anneal to -650'C, during which the (7X7)~(3XI) transition was observed by RHEED.
Several changes in the data are immediately apparent and can be quanti6ed by 5tting the data using Voight line shapes. The solid lines in Fig. 3 are the results of these fits; the spectrum in Fig. 3 Fig. 4 .
Interpretation of photoemission spectra can be complicated by a lack of independent structural information. In this paper we use TEM images to aid our interpretation of the RHEED, x-ray, and photoemission results. Fig. 3 .
The widths were fixed in fitting the spectra, which consists of a spin-orbit doublet (separated by 3.5 eV and with an intensity ratio 1:2)in (a) and two doublets in (b) and (c). experiment. The Ca 2p spectrum now shows the presence of two doublets, separated by -2.6 eV. This splitting is consistent with the separation between bulk and interface components observed in previous measurements of thin CaFz layers on Si(111). ' The peak at lower binding energy has been attributed to Ca-Si bonds at the interface.
The decrease in the integrated intensity of the F 1s peak indicates that some dissociation and F desorption has occurred in the reaction of the Si-(7 X 7) surface. As the sample is heated to -650 C the surface undergoes a (7X7) -(3X1) transition and this overlayer wets the substrate. This is evidenced by the exchange of intensity between the (=', , 0) and ( -, ', 0) Fig. 11 . They are related by a translation vector -, '(a, -az) and so the change from H3 to T4 has a dramatic effect on the (10l) rod, as it alters the phase of Ac,z with respect to As;. The final altera-'2 tion is to take into account the effects of roughness. The simplest example is a variation in the number of CaF2 layers, i.e. , a discrete thickness variation across the illuminated area of the surface. We include this by giving the layer thickness a discrete Gaussian distribution about a mean value X and summing this distribution in Eq. (7). This assumes that steps on the CaF2 surface have a large in-plane correlation length. In addition to the thickness distribution, each atomic layer in the scattering model is given a surface-normal root-mean-square displacement amplitude 0; by multiplying the atomic form factors f, in Eqs. (4) and (5) The structural information we obtain from this measurement is as follows.
(i) The solid line and dashed line in Fig. 10(b ' [111]steps at the interface, which are correlated with the array of line defects seen in Fig. 5(b There are only three contrast levels in Fig. 12 (apart In a recent paper we presented measurements that indicated that the CaFz/Si(111) interface undergoes a structural transition. " On the basis of the available data set we concluded that the buildup of strain in the thin film was the driving force for this transition. After further study we find that this transition is considerably more complex and that strain is not the primary driving force. The transition may well explain some of the discrepancies between previous measurements of the CaF2/Si(111) interface structure and should be considered in future work on this system, particularly if comparisons between in situ (i.e. , under UHV growth conditions) and ex situ experiments are to be made. Figure 13 shows x-ray-diffraction measurements, taken with a rotating anode x-ray source as described in Sec.
IV, over the range i=0.95 -1.05 around the Si (111) Bragg reAection. The sample was grown by the template method and, from the oscillation period in the x-ray data, is determined to be 27 CaF2 triple layers thick. The three data sets in Fig. 13 Figs. 13(a) and 13(c) are consistent with the measurements described in our previous paper. " The transition probably occurs from one discrete interface structure to another, as the data in Fig. 13(b 
